right ventricle in guinea pigs resulted in early and sustained reductions in tyrosine hydroxylase and dopamine+hydroxyl-ase activities in the right ventricle. No changes in tyrosine hydroxylase activity were detected in stellate ganglia, sinoatrial (SA) nodal region, atrioventicular (AV) nodal region, or left ventricle.
Reductions in tyrosine hydroxylase activity in stressed right ventricle were similar regardless of duration of pulmonary artery constriction, extent of hypertrophy, presence or absence of hepatic congestion, and preservation or depletion of catecholamines. The changes may represent localized loss of sympathetic nerve fibers; factors involved directly in the process of pressure-overload-induced hypertrophy may be responsible. However, sympathetic nerves remaining in hypertrophied ventricle respond normally to cold-induced sympathetic activation. The reduction in tyrosine hydroxylase activity and the maintenance of norepinephrine turnover in residual innervation to hypertrophied right ventricle support the concept that sympathetic neural regulation of hypertrophied cardiac tissue is altered but not lost.
catecholamines; tyrosine hydroxylase; dopamine+hydroxyl-ase; choline acetyltransferase; pulmonary artery constriction; right ventricular hypertrophy; right heart failure; guinea pigs CARDIAC TYROSINE HYDROXYLASE activity decreases in certain types of heart disease (8, 16). Since this enzyme catalyzes the conversion of tyrosine to dihydroxyphenylalanine and initiates the biosynthesis of the sympathetic neurotransmitter, norepinephrine, a reduction in tyrosine hydroxylase activity has been causally linked to catecholamine depletion and impaired neural regulation of the hypertrophied and failing heart (8, 16). The mechanisms responsible for a decrease in tyrosine hydroxylase activity in the hypertrophied heart are unknown. The present study was intended to investigate two possibilities: first, that a decrease in tyrosine hydroxylase activity might represent an overall reduction in sympathetic neural function, and, second, that a change might represent localized alteration in postganglionic sympathetic nerves. A general change might be expected to affect tyrosine hydroxylase activity throughout heart and thoracic sympathetic ganglia as well as choline acetyltransferase activity in thoracic sympathetic ganglia. This latter enzyme catalyzes the biosynthesis of acetylcholine, the preganglionic neurotransmitter.
A local change, on the other hand, might affect only tyrosine hydroxylase activity in specific regions of the heart. A distinction between localized and generalized alterations in tyrosine hydroxylase activity could provide important new insights about the causes of abnormal neural regulation of the diseased heart.
METHODS
Eighty-seven male guinea pigs were studied. They were anesthetized with halothane (Fluothane, Aye&) and pentobarbital sodium (35 mg/kg), paralyzed with succinylcholine (1 mg), and ventilated through an endotracheal tube using a Harvard rodent respirator. In 54 guinea pigs, the pulmonary artery was exposed via a left thoracotomy and constricted with a 1.8.mm (ID) band. Twenty-eight guinea pigs had a sham operation identical to that of the experimental group except that, instead of a band, a suture was temporarily placed around the pulmonary artery. Five normal guinea pigs also were studied. This experimental animal model has been described in detail (22).
Samples were taken from right and left ventricles and regions that Anderson previously identified in the guinea pig as containing the sinus (SA) node and the atrioventricular (AV) node (1, 20) . Additional samples were taken from the stellate ganglia. Samples were frozen immediately in liquid nitrogen and stored until analysis. Hemodynamic determinations.
Cardiac output was determined in 17 guinea pigs by an indicator dilution technique (4). Systemic arterial and central venous pressures were measured via cannulas in the carotid artery and jugular vein, respectively. Heart rate was determined from the record of pulsatile pressure. Biochemical det&minati&s. Total tissue norepinephrine was measured by modification of the Anton and Sayre alumina-trihydroxyindole procedure (2, 19). Dopamine, norepinephrine, and epinephrine were measured in selected samples by a radioenzymatic method (18).
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Frozen tissue samples for determination of total tissue norepinephrine were crushed in a stainless steel pulverizing apparatus cooled to the temperature of liquid nitrogen, followed by homogenization in a 0.4 N perchloric acid, absorption onto alumina at a pH of 8.6, and elution with 5 ml of 0.05 N perchloric acid. . Tyrosine hydroxylase activity in heart and thoracic ganglia was measured by the procedure of Coyle (5) using a lo-min incubation at 37OC. With guinea pig heart, the rate was linear over 20 min and proportional to the amount of protein between protein concentrations of 1 and 5 mg/ml. Protein concentration of 5 mg/ml was used during the incubation.
The final concentrations of tyrosine and 2-amino-4-hydroxy-6, 7-(dimethyl-tetrahydro)pteridine (DMPH4) were 0.2 and 1.0 mM, respectively. Determinations of K, for tyrosine and DMPH4 were carried out on selected samples using five concentrations of each substrate and LineweaverBurk analysis (15, 25, 26). Dopamine+-hydroxylase in heart was measured by the procedure of Coyle and Axelrod (6) using a 20-min incubation at 37°C. Protein was determined by the method of Lowry and co-workers (13) with bovine serum albumin as the standard. The activity of choline acetyltransferase in thoracic ganglia was determined by a radiochemical method (14, 17, 20 The mathematical formulation, specific activities of plasma tyrosine over time, and [3H]norepinephrine and [14C]norepinephrine determined in heart regions after the guinea pigs were killed are used to calculate base-line &*a and activated KNEW. These are rate constants of neurotransmitter turnover and are calculated to obtain estimates of changing regional sympathetic activity in the same animal under 1) basal and 2) stimulated conditions (9). infused second. In these studies, [3H]tyrosine was infused from t = O-60 min. At t = 90 min in the experiment the guinea pig was moved from room temperature (basal condition) to a cold room at 4OC, which served as a sympathetic stimulus (stimulated condition). Then [ 14C] tyrosine was infused from t = 120-180 min. Blood samples (0.8 ml) were obtained at 20-min intervals. The red blood cells in an appropriate volume of saline were returned to the animal to minimize changes in total vascular volume. Animals were killed at t = 180 min, and tissue samples were obtained for catecholamine determination using high-performance liquid chromatography (10, 11).
Extraction of the catechols from heart samples was carried out on alumina using the procedure of Anton and Sayre (2, 19). The high-performance liquid chromatograph consists of a solvent delivery system (model 6OOOA) and U6 K injector from Waters Associates (Milford, MA), a Cl8 column (Biophase ODS, 5-pm particle size range, 250 x 4.6 mm), guard column (Biophase ODS, 5 pm), and an LC-17 electrochemical detector with LC-3 amperometric controller from Bioanalytical Systems (West Lafayette, IN).
The mobile phase is composed of three parts of 0.1 M citric acid and two parts 0.1 M sodium phosphate dibasic and 0.1 M sodium octylsulfate. The detector potential is set at +0.75 V vs. Ag/AgCl reference electrode. The mobile phase is pumped at a rate of 1.3 ml/min at an ambient temperature (11).
One hundred microliters of each sample are injected onto the analytical column. The retention time is 5.4 min for norepinephrine and 10.2 min for dihydroxybenzoic acid, an internal standard. Catecholamines in the eluate are quantitated by comparing peak areas of the unknown samples with those of comparable standards. The reproducibility of repeated injections does not vary more than 3.6% (SD) for samples and 1.7% (SD) for standards. The percent recovery averages 75.5% (n = 14).
The linear relationship between increasing concentra-. tions of injected standards and detector response is made by using peak area. A good linear correlation (r = 0.999) has been demonstrated between the amount of injected norepinephrine and resulting 'peak area. The minimal detectable amount of norepinephrine is 50 pg, and the response is linear between 50 pg and 100 ng with a 2.5% (SD) error.
Statistical
analysis. Analysis of variance and appropriate tests for comparing multiple group means were used in the statistical analysis (24).
RESULTS
Hemodynamic data (Table 1) . Guinea pigs with pulmonary artery constriction maintained cardiac output and systemic arterial pressures despite marked increases in the ratio of right ventricular weight to body weight.
Central venous pressure was increased in those guinea pigs with pleural fluid, ascites, and hepatic congestion. Heart rates were similar in normal, sham-operated, and pulmonary-artery-banded guinea pigs.
Biochemical data (Tables 2-4 
right ventricles of guinea pigs with pulmonary artery constriction (Table 2) although the content of norepinephrine per right ventricle was not significantly changed. No reductions in catecholamines were detected in the left ventricle; dopamine concentration, but not total content, was increased (Table 2) . Pulmonary artery constriction (PAC) for 2-3 wk and for 7-9 wk was associated with significant decreases (P < 0.05) in total right ventricular tyrosine hydroxylase activity (Fig. 1) . No changes occurred in tyrosine hydroxylase activity in stellate ganglia (Table 3) . Choline acetyltransferase activity (nmol l mg protein-', h-l), a marker of the preganglionic sympathetic terminals in ganglia, also remained unchanged after pulmonary artery constriction for 2-3 wk (sham 73 t 7 vs. PAC 88 t 6) and for 7-9 wk (sham 72 t 3 vs. PAC 70 t 4). Tyrosine hydroxylase activity was unchanged in sinoatrial (SA) node, 'atrioventricular (AV) node, and left ventricle (Table 3) . Decreases in right ventricular tyrosine hydroxlyase activity were similar regardless of duration of pulmonary artery constriction, extent of increase in the right ventricle-to-body weight ratio, and presence or absence of hepatic congestion (data not shown), Decreases in right ventricular tyrosine hydroxylase activity also were similar regardless of preservation or depletion of catecholamines in the stressed right heart chamber of guinea pigs in the 7-to 9-wk group (Fig. 2) . To determine whether the apparent change in tyrosine hydroxylase activity was related to alterations in apparent affinity of enzyme for substrate, the Km's for tyrosine or cofactor were determined by Lineweaver-Burk analysis (n = 5). This analysis revealed no detectable changes (P > 011) in the &, (mM) for tyrosine (sham 0.14 t 0.006 In parallel with tyrosine hydroxylase in the 2-to 3-wk pulmonary artery-constricted groups, the activity of dopamine-P-hydroxylasc (nmol l ventricle-' l h-') was significantly decreased (P < 0.05) in the hypertrophied right ventricles of pulmonary artery-constricted guinea pigs when compared with the right ventricles of the sh-amoperated controls (sham 311 t 17 vs. PAC 220 t 14). Corresponding values for left ventricles displayed no difference (P > 0.1) between the two groups (sham 1,050 t 98 vs. PAC 1,012 t 59). The groups also did not differ with respect to dopamine-P-hydroxylase activity in the SA and AV node.
In a separate set of experiments the rate constant of norepinephrine turnover (km), a functional index of sympathetic neuronal activity, was determined in the right ventricle of control and pressure-hypertrophied right ventricles. The k NE was first determined in each conscious animal under basal, resting conditions (25°C) and again during 1 h of cold stress (4"C), which stimulates sympathetic neuronal activity. In the pressure-h-vpertro-SCHMID ET AL. phied right ventricles, basal kNE averaged 0.032 t 0.008 (Table 4) , while k NE during cold stress increased significantly to 0.098 t 0.012. Corresponding values in sham animals were also noted (Table 4) . Therefore, norepinephrine turnover in sympathetic terminals in the right ventricle can increase from a normal basal level that replaces approximately 3% of the neurotransmitter per hour to a level that replaces over 9% of the neurotransmitter per hour in the hypertrophied heart and 12% in the control animal. There was no difference in the km in right ventricle between the control and pulmonary artery-constricted animals.
DISCUSSION
In an earlier study reported from this laboratory (18), pulmonary artery constriction to the same extent as employed in the present study resixlted in an acute reduction in cardiac output without detectable changes in arterial and venous pressures. After 7-9 wk, pulmonary artery-banded guinea pigs undergoing hemodynamic determinations in the present study had cardiac outputs in the normal range and normal arterial blood pressures. Only those guinea pigs with gross evidence of fluid retention had elevated venous pressures. Therefore, the animals utilized for this study probably represent compensated right ventricular pressure overload, right ventricular hypertrophy, and, in a limited number of animals, gross fluid retention.
Selective hypertrophy of the right ventricle in guinea pigs with pulmonary artery constriction was associated with localized decreases in tyrosine hydroxylase and dopamine+hydroxylase activities. Changes in tyrosine hydroxylase and dopamine+hydroxylase
were not detected in tissues from SA and AV node regions, which should have been subjected to some degree of pressure overload. In addition, no changes were detected in the nonstressed left ventricle or in the sympathetic chain adjacent to right or left stellate ganglia, which contain the perikarya of individual sympathetic fibers that innervate the heart. A similar trend of more pronounced reductions in tyrosine hydroxylase activity in hypertrophied right ventricles of dogs was reported by Pool and co-workers (16).
Sham operation did not result in the changes noted in the groups with pulmonary artery constriction. In addition, tyrosine hydroxylase activity was not decreased in SA and AV nodal regions or in nonstressed left ventricles of the pulmonary artery-constricted animals. These results suggest that damage to nerves during surgical preparation could not account for the changes.
The decrease in tyrosine hydroxylase activity would not appear to be the result of overall changes in sympathetic activity, first, because decreases were localized, and, second, because decreases in right ventricular tyrosine hydroxylase activity were not associated with decreases in tyrosine hydroxylase and choline acetyltransferase activities in stellate ganglia (14) . These considerations suggest that decreases in tyrosine hydroxylase and dopamine+hydroxylase activities may represent a net loss of sympathetic nerve fibers to the stressed right ventricle.
Recently, investigation of tyrosine hydroxylase activity
has suggested that the enzyme is capable of undergoing changes during sympathetic activation (27). These changes are a possible mechanism for increasing neurotransmitter synthesis (27). However, it is likely that in vitro measurements of tyrosine hydroxylase activity as carried out in the present study (5) represent assessment of total enzyme content, inasmuch as our high cofactor concentration would obscure any effect of adenosine 3',5'-cyclic monophosphate (CAMP)-dependent phosphorylation (12, 15, 27) . If this is the case, parallel decreases in tyrosine hydroxylase activity and dopamine+hydroxyl-ase activity reported 'here may reflect loss of enzyme molecules and nerve mass rather than impairment of function in individual nerve fibers that remain (23).
Kinetic analysis of tyrosine hydroxylase activity in hypertrophied right ventricle also supports the conclusion that reduced enzyme activity resulted from a decrease in the number of enzyme molecules rather. than an alteration in the functional characteristics of the enzyme. The determinations of Km for substrates, tyrosine and DMPH4, were carried out using five concentrations of each. The average K, using DMP& as substrate was 0.80 t 0.02 (SE) mM for tyrosine hydroxylase in right ventricles from sham guinea pigs and 0.71 t 0.06 for the enzyme in stressed right ventricles.
These values were not different statistically reported from our own laboratory (26). The u max for tyrosine hydroxylase activity from the right ventricle of pulmonary-banded animals was significantly lower than controls for both tyrosine and the cofactor, DMPH4. As reconstitution experiments excluded the possibility of inhibitors of tyrosine hydroxylase, we conclude that the decrease in urnax in the right ventricular tissue from guinea pigs with heart failure represents a decrease in the quantity of enzyme per unit weight. This is consistent with a loss of sympathetic nerve fibers.
Borchard (3) has performed extensive investigations of adrenergic nerves of normal and hypertrophied hearts using morphometric techniques. His data clearly support a decrease in the density of sympathetic fibers greater than can be accounted for by dispersion of nerves by enlarging myocytes. Borchard (3) therefore has proposed that pressure-induced cardiac hypertrophy results in a net loss of sympathetic nerve fibers to the heart. The present results support this concept.
A new finding in this study was the ability of sympathetic fibers remaining in hypertrophied right ventricle to respond with regard to increasing the rate constant of norepinephrine turnover during cold stress. In the present study, catecholamine content in hypertrophied right ventricle was maintained and not reduced as reported previously in dogs (16) and humans (8). We have previously reported that catecholamine content in hypertrophied right ventricle of guinea pigs was maintained in association with high rate constants of norepinephrine turnover and reduced in association with low rate constants of norepinephrine turnover (21). If norepinephrine content is maintained and neuronal mass is reduced, this may signify that the content of norepinephrine per nerve terminal is increased or that there is an alteration in the nature of the sympathetic neurons, in which elements with high norepinephrine and low enzyme content are selectively preserved. One possibility is that there are fewer nerve terminals and more preterminal axons. Another possibility is that extraneuronal norepinephrine is increased. It is doubtful that the changes mean higher levels of norepinephrine in nerve terminals because generally higher neurotransmitter turnover is associated with normal or lower steady-state levels of neurotransmitter.
Regardless of the precise mechanism, which must remain speculative, our data suggest that continual activation of sympathetic innervation to hypertrophied heart in guinea pigs may result in normal total content of neurotransmitter despite an apparent net loss of sympathetic nerve terminals and possibly other changes (7, 23).
The major finding in this study is that pressure-induced hypertrophy of the right ventricle is associated with selective reductions in tyrosine hydroxylase and dopamine+hydroxylase activities. These enzyme changes are detected in contractile regions of pressureoverloaded heart chamber, but not specialized regions (SA and AV nodes, for example). If decreases in tyrosine hydroxylase and dopamine#-hydroxylase activity represent attrition of sympathetic innervation to contractile tissue in stressed heart, the factor(s) responsible may be localized to contractile regions actively involved in the process of hypertrophy. The data on kinetic characteristics of tyrosine hydroxylase activity and norepinephrine turnover in hypertrophied right ventricle indicate that the residual sympathetic innervation can respond to activation.
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